Early season brown spot caused by Septoria glycines was compared in Illinois, Indiana, Iowa, Michigan, and Ontario, Canada, soybean fields planted with differing commercial seed treatments. Seed treatments that included fluopyram significantly reduced brown spot (P < 0.001). A greenhouse mist chamber experiment revealed that fluopyram seed treatment reduced the Area Under Disease Progress Curve of brown spot over a 6-week period (P < 0.001). Brown spot severity was unaffected by plant age at inoculation for the control treatment without fluopyram (P = 0.911); however, severity increased with plant age at inoculation for the fluopyram treatment (P = 0.009). The sensitivity of two S. glycines isolates to fluopyram was assessed by determining the effective concentration required to reduce its colony diameter growth in culture by 50% (EC 50 ). Both isolates had an EC 50 of 0.41 μg/ml of fluopyram. These results demonstrate that fluopyram seed treatment is effecttive at controlling early season brown spot in soybean.
INTRODUCTION
Brown spot of soybean is caused by the fungal pathogen Septoria glycines Hemmi. Lesions on young plants are small and purplish. As lesions develop, spots become brown and coalesce into irregular shapes. Inoculum from infected soybean residue is splash-dispersed and the disease spreads from the lower to upper leaves during rainy weather (Lim 1980) . Although brown spot is not often considered to be an economic threat to soybean production, yield loss can occur when more than 25% of the canopy is defoliated at the R6 growth stage (Cruz et al. 2010; Hartman et al. 2015; Lim 1980; Wrather et al. 2003; Young and Ross 1979) .
Fluopyram was first commercially registered as Luna (Bayer CropScience, Research Triangle Park, NC) fungicide in the United States and Canada in 2012 for horticultural crops (Proffer et al. 2012) and is used in Europe for the control of Septoria leaf blotch on wheat (Fraaije et al. 2012 ). This succinate dehydrogenase inhibitor (SDHI; Fungicide Resistance Action Code 7) inhibits spore germination, germ tube elongation, mycelial growth, and sporulation of targeted fungi (Moser et al. 2009 ). Fluopyram was registered in 2014 in the United States as ILeVO (Bayer CropScience) seed treatment for the control of sudden death syndrome (SDS) of soybean caused by Fusarium virguleforme O'Donnell and T. Aoki (Kandel et al. 2016a; Kandel et al. 2016b ). Canadian registration is imminent. Technical summaries of the Food and Agricultural Organization of the United Nations (FAO) reported that in plants (grapes, beans, potatoes), radiolabeled fluopyram conjugates with glucose and shows translaminar activity and some movement within the xylem (Anonymous 2010) . However, the extent of fluopyram movement throughout soybean plants from ILeVO treated seed is not currently known.
In 2015, researchers conducting trials to determine efficacy of fluopyram seed treatment for SDS also anecdotally observed that treatments with fluopyram resulted in less brown spot than treatments without fluopyram. The reduction of foliar fungal infections during the soybean vegetative stages by a seed treatment has not previously been documented. The objectives of this study were to compare the effect of seed treatments on brown spot severity under field and greenhouse conditions. Additionally, the dosage of fluopyram that would reduce the mycelial growth of S. glycines in culture was determined.
FIELD STUDIES
Field experiments were established in 2015 in Illinois, Indiana, Iowa, Michigan, and Ontario (Table 1) . Two separate studies designed to determine the effect of seed treatment on SDS were used in this comparison. Each field experiment included two factors-cultivar and seed treatment; however, the specific cultivars and seed treatments were not the same across the locations. Trials were designed as a randomized complete block (RCB) with four to five replications per location and experimental plot size ranged from 6 to 91 m long by 1.5 to 3 m wide with seed rows spaced 38 to 76 cm apart. Six seed treatments were tested in most locations (Tables 1 and 2 ) and included standard commercial seed treatments, as well as additional products that were reported to have efficacy against SDS, including fluopyram and thiabendazole. All seed was treated using a Hege bowl seed treater (Wintersteiger, Salt Lake City, UT). Planting populations ranged from 240,000 to 345,800 seeds/ha. Soybean cultivars spanned from susceptible to moderately resistant to SDS and were in an appropriate maturity range for each location. Information regarding these cultivars were not revealed to researchers (Tables 1 and 2) . During the first half of the growing season, which ranged from 2 June to 21 July (Table 1) , a single assessment of brown spot severity was recorded as the average percent of necrotic leaf area within three 30-cm sections of each plot for all locations, except for Ontario, where disease severity was assessed as the average percent of necrotic plus chlorotic leaf area. Disease data were not recorded at the end of season since the presence of foliar symptoms caused by SDS often interfered with leaf spot assessments.
Three separate analyses were conducted to investigate all comparisons of interest. Since all treatments were not represented at every location, data were separated into three data sets (A, B, and C) for analysis based on similarity on the treatments across the locations. Two standard commercial seed treatments (Base 1 and Base 2) differed only in the kind of insecticide/nematicide applied, and these two treatments were combined under the assumption that these insecticide seed treatments did not influence fungal foliar activity. Thus, data set A compared the Table 2 y Cultivars were unique to each growing region and, in some cases, not revealed to university researchers. mean brown spot severity of Base 1 or Base 2 vs. Base 2 + the full rate of fluopyram (flu) along with the effect of cultivar and location. The B data set compared the full and half rate (0.5 flu) of fluopyram. Finally, data set C compared the Base 3 vs. Base 3 + Pasteuria nishizawae (Pn) and thiabendazole (tbz) (Fig. 1) . For data set A, the effects of treatment [seed treatment (N = 2), location (N = 9), and cultivar (N = 32)] were compared using an analysis of variance where location, cultivar, and seed treatment were fixed effects and replication with in location was random (PROC MIXED, SAS Version 9.3, SAS Institute Inc., Cary, NC).
No significant effects of location and location × treatment (P = 0.081 and P = 0.085, respectively) were detected, thus effect of seed treatment was not analyzed individually for each location on data set A. For data sets B and C, paired t-tests were used to compare the two seed treatments for each data set (PROC TTEST). We did not compare all four treatments from data set B and C together because they all were not tested at every location and there was a large variation in brown spot severity across the locations.
Significant differences (P < 0.001) were observed among cultivars and seed treatments for the Base 1 and Base 2 combined vs. Base 2 + flu, data set A. The large effect of cultivar and cultivar × treatment (P < 0.001 and P < 0.001, respectively) suggested that there may be genetic potential for increased brown spot resistance, although these cultivars were primarily being assessed for resistance to SDS. Cultivar differences were not further analyzed and presented since we did not have access to the identity of these proprietary cultivars. While no soybean cultivars are specifically promoted as resistant to brown spot, it has been noted that the incidence and severity of this disease can differ among cultivars (Hartman et al. 2015) .
The addition of fluopyram resulted in a 2.5-fold reduction of brown spot (Fig 1A) , where mean brown spot was 27% for the Base 1 and Base 2 seed treatments combined and 11% for the Base 2 + flu. The higher rate (0.15 mg a.i.) of fluopyram (Base 2 + flu) resulted in 26% less (P < 0.001) brown spot than the lower (0.075 mg a.i.) fluopyram rate (Base 2 + 0.5flu) (Fig 1B) (11.8 and 16.1% brown spot, respectively). Analysis for data set C used eleven location-cultivar combinations and showed mean severity for Base 3 did not differ (P = 0.842) from the Base 3 + Pn,tbz (Fig 1C) (17% and 15.3% brown spot, respectively).
GREENHOUSES EXPERIMENTS
Three mist chambers were constructed of polyvinyl chloride pipe and clear plastic measuring 38 cm high × 50 cm wide × 27 cm deep at the Iowa State University greenhouse facility ( Fig.  2A ). An overhead sprinkler irrigation system (Rain Bird, Azuza, CA) was installed within each chamber and programmed to mist for 60 s/h. Two halogen lamps were supported 45 cm above each chamber and set for a 14-h day length. A Watchdog A-series weather logger (Spectrum Technologies, Inc., Aurora, IL) was Table 2 for details about each seed treatment.
FIGURE 2
(A) Mist chambers were placed on a greenhouse bench; (B) overhead irrigation emitters sprayed for 60 s/h above plants; (C) dried, brown, spotinfected leaves were placed on the soil surface of pots, indicated by an arrow; and (D) the number of leaflets with brown spot lesions per pot was recorded twice weekly for 6 weeks.
placed in each chamber to monitor hourly temperature and relative humidity throughout the experiments.
Dried leaves with brown spot symptoms were used as inoculum, which to some extent mimics what happens in the field. Inoculum was obtained from diseased soybean leaves collected from Iowa State University Field Research plots on 16 July, 15 September, and 10 October 2015. Symptomatic leaves were dried, placed in paper bags and stored at 4°C until use. Septoria glycines was isolated from brown spot lesions from the second collection to verify pathogen identity and for use during subsequent in vitro studies. Four purified isolates were obtained using hyphal tip isolations and colony growth on media and conidia morphologies were compared to other known isolates of S. glycines. Also, the internal transcribed spacer region (ITS) of the rDNA was amplified and sequenced as described by Batzer et al. (2005) . The ITS sequences (513 bp) had 100% identity when compared with previously identified S. glycines using the NCBI nBLAST tool.
A preliminary experiment was conducted to verify the effectiveness of the inoculation method using dried field-infected leaves. Non-treated soybean seed of cultivar AG3334, which is used for most soybean foliar Koch's postulate tests at Iowa State University, was planted four seeds per pot in 15-cm-square pots filled with a 50% sand and 50% Sunshine potting mix #1 (Sun Gro, Agawam, MA) with 10 g of slow-release fertilizer (Osmocote Plus, Scotts Inc., Marysville, OH). Pots were placed on a greenhouse bench until the time of inoculation. At the V3 growth stage (25 days after planting), plants were thinned to 3 plants per pot and inoculated using nine S. glycines-infected leaflets (three from each collection period). Infected leaves were placed on the soil surface of each pot (Fig 1C) . Ten pots of inoculated soybeans were transferred to a mist chamber and observed for one month (Fig 1A) . Brown spot lesions on the lower trifoliate leaves were observed after two weeks and plants were mostly defoliated after one month. To verify the causal pathogen, the presence of conidia on lesions was confirmed microscopically on leaves with brown spot symptoms. In subsequent experiments, disease progressed more slowly and it was likely that, in this preliminary experiment, the absence of fungicide seed treatment or the AG3334 cultivar resulted in faster disease progress. Thus plants in the following experiment were transferred to the adjacent greenhouse bench for two additional weeks after one month of incubation in the mist chambers, where disease continued to progress.
Seed treatment and plant age experiment. The effect of plant age at time of inoculation on the efficacy of two seed treatments was compared using the methods presented in the preliminary experiment. The experiment was designed as a RCB with 10 treatments consisting of two seed treatments × five plant ages at time of inoculation. (Fig 1B) . Due to the size of the experiment, treatments were divided among three different mist chambers and eight replicates of two seed treatment/plant age combinations were placed in a single mist chamber (32 pots). The experiment was repeated, and thus each seed treatment/plant age combination was replicated 16 times in a series of experiments conducted from 6 November 2015 to 17 March 2016. Plant ages at time of inoculation treatments were 0, 7, 14, 21, and 28 days. Seed (FC Brand 22R239) was treated with (i) clo+Bf = clothiandin + Bacillus firmus I-1582 (0.13 mg a.i./seed) and (ii) clo+Bf+flu = clothiandin + Bacillus firmus I-1582 (0.13 mg a.i./seed) + fluopyram (0.15 mg a.i./seed). Seeds were planted as previously described on dates to coincide with desired plant ages at time of inoculation. Pots were placed on greenhouse benches and watered daily until inoculation.
The number of leaflets with brown spot lesions were recorded for each pot twice weekly for a total of ten observations over a period of 6 weeks (Fig 1D) . Based on the number of leaflets with brown spot lesions, area under the disease progress curve (AUDPC) was determined for each pot as follows:
where y i = the number of leaflets with brown spot per pot at observation time and t i+1 -t i denotes number of days between the subsequent observation dates (Kandel et al. 2012) .
Brown spot symptoms ranging one to eight spots per leaflet were initially observed between ten and 33 days after inoculation and rarely occurred on the unifoliate leaves. This lag time may have been related to requirements of dried infected leaf material to become hydrated before lesions were able to produce conidia and infect the host. Also warm temperatures in the mist chambers may have been detrimental for the pathogen. Sporulation of S. glycines is favored by temperatures between 23°C and 30°C (Bertagnollo et al. 1986 ). Mist chamber temperatures ranged from 21.7 to 37°C, this range of temperature that occurred during the five-month period of the study was likely the main factor in the range of initial symptoms. Relative humidity ranged from 92 to 99.9%, thus leaves were constantly wet (Rowlandson et al. 2015) . For some plants, brown spot lesions continued to develop on the uppermost leaves and were observed as late as 40 days after inoculation. Although leaf spot symptoms other than brown spot were sporadically observed, these data were not included in the analysis.
An analysis of variance (PROC MIXED, SAS Version 9.3) compared the effects of seed treatment and plant age at inoculation on brown spot (AUDPC), where seed treatment and plant age were fixed effects and mist chamber and pot replicates were random. Seed treatment significantly affected (P < 0.0001) mean AUDPC (50.1 and 20.5 for clo+Bf and clo+Bf+flu, respectively) when all ages, mist chambers, and pot replicates were combined. No interaction of age × treatment (P = 0.571), but a significant effect of plant age (P = 0.002) was detected. The effect of age was further analyzed separately for each seed treatment (Table 3 ). The AUDPCs of clo+Bf treatment did not differ (P = 0.914) among ages. In contrast, plant age was a significant factor (P = 0.009) in the development of brown spot for plants treated with clo+Bf+flu. For the clo+Bf+flu seed treatment, the lowest AUDPC was ob- served when pots were inoculated on the day of planting (Table  3 ); significant differences were not detected among plants inoculated at 7 or more days from seeding. Since age differences were not detected in the clo+Bf only treatments, it is not likely that inoculation method nor ontogenic host response affected AUDPC. Rather the age effect on brown spot in the clo+Bf+flu treatment may have been related to the range of movement by fluopyram from the seed coat to the upper the plant parts. Therefore, these data suggest that the reduction in brown spot resulting from fluopyram seed treatments may be temporary and have little effect on overall disease progress, if abundant inoculum is available. However, if fluopyram effectively reduced inoculum there may be an impact on later season infection and yield, although this was not tested. Additionally paired comparisons of AUDPC were made for each plant age.
IN VITRO STUDIES
The sensitivity of S. glycines to fluopyram was assessed by determining the concentration required to reduce its diameter growth by 50% relative to a non-treated control (EC 50 ). Two S. glycines isolates obtained from soybean leaves collected from the Iowa State University Field Research Farm (Ames, IA) on 15 September 2015 were used in this study. Uniform growth of inoculum was obtained by spreading suspensions of mycelia onto potato dextrose agar (PDA) (Difco, Becton, Dickinson and Company, Sparks, MD) and incubating plates in ambient light and temperature (23°C). After ten days, 4.0-mm plugs were placed mycelia-side down onto the media in six-well plates (35-mmdiameter wells) (Costar #3526, Corning Inc., New York, NY) (Fig  3) .
A 200-ml stock suspension of fluopyram was prepared in sterile deionized water (SDW) from a commercial fungicide formulation of ILeVO (600 g fluopyram/liter). The most concentrated suspension corresponded to label rate of 0.15 mg a.i./seed. Every plate contained one control (0 a.i./well). Early experiments were comprised of a broad series of concentrations (ranging from 0 to 0.15 mg a.i./well) and later experiments were comprised of narrower series of concentrations (ranging from 0 to 0.0015 mg a.i./well), in order to pin point the final EC 50 . Fluopyram stock suspensions were added to autoclaved 1/3 PDA that was cooled to approximately 40°C. Fungicide-amended media was placed in each well (3 ml/well). Each well contained a single fungicide concentration. Fungicide concentrations were randomized for each six-well plate. Plates were prepared and stored in the dark for 1 or 2 days before use.
When mycelia for the control well (0 mg a.i.) reached approximately 5 mm from the edge of the well, at 7 to 10 days, colony diameters were measured at two perpendicular angles using a ruler (Fig. 3) and the inoculum plug diameter (4 mm) was subtracted to determine fungal growth diameter. Six replicates were conducted for each run, and six runs were required to determine the best assessment range. Once the final range was determined, the experiment was conducted twice using 6 plates per isolate for a total of twelve replicates per isolate. To calculate the EC 50 for each isolate, fungal growth was fitted to a non-linear logistic model using the log of the concentration values as the predictor (PROC NLIN). The mean of both isolates showed an EC 50 of 1.249 µg of fluopyram per well, or 0.410 µg/ml with a 95% confidence interval of 1.248 to 1.250 µg/well. Similarly performed sensitivity tests on 43 isolates of Alternaria alternata, a pathogen of pistachio, showed a mean EC 50 = 0.238 µg/ml and none were considered resistant, which was defined as an EC 50 > 5 µg/ml (Avenot et al. 2014) . Although in vitro fungicide sensitivity does not correlate precisely to the interaction of pathogenfungicide-host in the field, knowledge of the relative sensitivity of a broad range of fungi to fluopyram may help to detect the development of fungicide resistance.
CONCLUSION
These findings provide evidence from nine field locations that fluopyram seed treatment reduced early season brown spot infection. We suggest that the systemic nature of fluopyram resulted in the reduction of brown spot early in the season, although we provided only indirect evidence to support this hypothesis. That is, mist chamber study results suggested that it was unlikely that the fluopyram seed treatment provided long term protection from brown spot. This study was not meant to advocate use of SDHI fungicides for brown spot control, particularly because of the propensity of resistance development for this class of fungicides (Fraaije et al. 2012) . Moreover, levels of brown spot less than 25% are not an economically damaging disease for soybean farmers (Wrather et al., 2003) . Rather, our aim was to document the effects of seed treatment on early season S. glycines infection and determine a preliminary sensitivity of fluopyram (EC 50 of 0.41 µg/ml) for a small sample of isolates of a non-target species other than the SDS pathogen. 
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FIGURE 3
The colony diameter of each well of a 6-well tissue-culture plate was compared with the untreated control (C) in order to determine the dosage of fluopyram that reduced the mycelial growth of two isolates of Septoria glycines by 50% in 1/3 amended PDA medium. Increasingly narrow concentration ranges pin pointed the ED50 to 1.25 μg a.i. of fluopyram per well or 0.41 μg/ml (A).
